Interfacial reactions in Ru metal-electrode/HfSiON gate stack structures studied by synchrotron-radiation photoelectron spectroscopy J. Appl. Phys. 108, 123521 (2010) It is predicted that the quantum efficiency (QE) of photoelectron emission from metals may be enhanced, possibly by an order of magnitude, through optimized surface texture. Through extensive computational simulations, it is shown that the absorption enhancement in select surface groove geometries may be a dominant contributor to enhanced QE and corresponds to localized Fabry-Perot resonances. The inadequacy of extant analytical models in predicting the QE increase, and suggestions for further improvement, are discussed.
I. INTRODUCTION
The photoemission (PE) of electrons from surfaces has had a long history tracing back to the fundamental investigations related to photoelectricity, 1 and yields insights into electron and photon dynamics close to the surface. While much of the work on PE has considered planar geometries, the inevitable roughness on real surfaces provides a motivation to study nonplanar configurations. For tractable analytical modeling, geometrically simple structures, such as rectangular grooves, 2, 3 are considered. We aim to physically understand the effects of nanometer-scale grooves [much smaller than the relevant electromagnetic (EM) wavelengths], as a precursor to modeling roughness using more detailed simulations.
Depending upon the specific application, both metals and semiconductors may be used as photocathodes. The latter have much higher quantum efficiency (QE)-defined as the number of electrons that escape from the emitter per absorbed quantum of photon energy-due to the larger separation of the conduction band from the valence band (which serves as the electron source). However, semiconductors and related surface coatings need relatively high vacuum conditions (of 10 À10 Torr or lower) to preserve the surface integrity and stoichiometry. Alternately, uncoated metal photocathodes have the advantages of easier operation, e.g., through less stringent vacuum conditions (of around 10 À6 Torr) and hence have been extensively used, for example, in some linear accelerator systems, 4 where low QE is tolerable. For the PE process, we consider incident photon illumination with an energy that is larger than that of the work function (WF; U) of the metal. Typically, the values of U vary strongly with the surface condition (e.g., crystal orientation and oxidation) and may not be precisely known without requisite characterization. We consider photons of a typical wavelength (k ¼ 250 nm, corresponding to an energy . The process of photoemission from a metal was assumed to follow a basic three-step Spicer model 7 involving the successive processes of (1) Absorption: A(k), of an incident photon by the electron, followed by the (2) transport of the excited electrons to the surface, and finally, (3) the emission of the electron from the surface. For a sufficiently thick metal, the absorption would be related to the reflectivity, R(k), through AðkÞ ¼ 1ÀRðkÞ:
Of the total number of excited electrons, only a fraction (¼ g) have adequate energy to overcome the effective Schottky barrier, / eff (after taking into account the barrier induced lowering 8 ) between the metal and the vacuum. Consequently, for a given energy level (E) occupancy of the electrons through the Fermi-Dirac distribution function, f FD (E), and the density of states, D (E), it follows that
The limits of the integrals correspond to electrons being excited from at/near the Fermi energy (E F ) for Al and Cu, 10 with allowance for the energy (¼ E ph ) of the incident photons.
The photons penetrate the material to an average distance corresponding to the electromagnetic skin-depth (l s ). The electrons excited at a depth "r" below the surface then drift to the metal-vacuum interface, during which a further proportion is lost due to electron-electron scattering-with an energy dependent mean free path, 11, 12 l e-e (E), and/or a) Electronic mail: pbandaru@ucsd.edu electron-phonon scattering. For metals, the former is more dominant. The fraction of photoexcited electrons (¼ f) that reach the surface may be taken to be proportional to r (adopting the physics inherent to the Lambert-Beer law 13 ) and is
The a indicates the angle made by the electron mean free path trajectory in the metal with the surface normal and l e-e (E)cos(a) is the distance between the point at which the electron is excited to the nearest surface. It has been previously noted 5 that l e-e (E)cos(a) may be set to be a constant. Such an assumption ignores the angular and energy dependence of the scattering. Consequently, the net probability of an electron reaching the surface (normalized by the optical skin depth: l opt ) would be
The angular (polar, Pol h , as well as azimuthal, Pol w ) distribution of the electrons emitted from the surface was considered next. For emission over all the possible angles
However, the angular limits would need to consider that an interior electron needs to have a larger momentum (reckoned with respect to the normal of the metal surface) in comparison to the momentum of the electrons in the vacuum 9 (overcoming the / eff ), and consequently
where h min ¼ 0 and h max ¼ cos
The limit value of h max accords with the emission of electrons perpendicular to the surface, i.e.,
The (Pol.)/(Pol.) max ratio would then give the emission efficiency with respect to the polar emission of electrons, as
For a planar surface, due to symmetry, the azimuthal electron emission probability, i.e., Pol w , is typically assumed 5 to be unity, i.e.,
The net QE of an untextured/plane surface (¼ QE plane ) is the product of the expressions listed in Eqs. (1), (2), (3b), (4c), and (5), and would be the product
II. METHODS
The several assumptions made for the above derivation of the QE are generally valid for metals, but may need significant modification when semiconductors, negative electron affinity 14 materials, or rough substrates are used. Equation (6) would then serve only as an analytical guide. We first consider typical QE values for Al and Cu metal surfaces as a function of the individual contributions, as in Eq. (6). The R (k ¼ 250 nm) was determined, for normal incidence, using the values of e Al (¼À8 þ i) and e Cu (¼ À0.8 þ 5.3 i). Equation (2) was simplified through assuming a flat and constant D(E). 15 Then, the g ¼ ð hx À / eff Þ= hx. For computing the F e-e (k) in Eq. (3b), the l opt (¼ k/4pj(e)), where j(e) was the optical attenuation constant 13 and estimates for the l e-e were obtained from literature for Al (Refs. 11 and 12) and Cu. 6 The Pol h and Pol w were obtained from Eqs. (4c) and (5) , indicated in Table I , are typical for metallic surfaces. 3 One could consider QE enhancement through devising schemes to boost the magnitude of the individual terms in Eq. (6), such as A(k), F e-e (k), the number of electron emitting surfaces, which may increase the Pol h and Pol w , etc. It may be thought that an increase in the QE by 2 orders of magnitude may be obtained for Al (from that in Table I) , to, say, $7 Â 10
À3
, i.e., through the product of a 13.5 times enhancement in A(k)-from 0.074 to unity, a 2.8 factor increase in the F e-e (k) from 0.36 to unity, along with a threefold increase in the Pol h Pol w product due to three electronemitting surfaces for a ridged surface in comparison to a planar surface (Fig. 1) . The corresponding enhancement, for Cu, would yield an order of magnitude increase of QE to $7 Â 10
. Given that such QE increase may be plausible motivates further research. However, it was also recognized that maximization of each of the individual parameters in Eq. (6) to collectively yield a QE increase is often plagued by their interdependence, where an increase in one may lead to a decrease in another. We discuss such interplay with respect to the variation of geometrical parameters. The strong absorption of light in a planar twodimensional grating with grooves that are strongly subwavelength (by 2 orders of magnitude) in height (h) and width (w) (see Fig. 1 ) has been previously considered. 3 The increase in absorption, over plane surfaces, was ascribed to the excitation of multiple resonances in the electrostatic regime and involves surface plasmon polaritons (SPPs). The SPPs penetrate the material to a distance l mod , less than that of the nominal optical skin depth (l opt ), given by
Here, the imaginary part (e i ) of the relative dielectric permittivity (e) was taken to be much smaller than the real part (e r ); while this may be true for some metals (e.g., Al, with e Al ¼ À8 þ i), this may not hold for others (e.g., Cu, with e Cu ¼ À0.8 þ 5.3 i). A lowered l mod would also result in greater excitation efficiency but has not been directly correlated with absorption, which we will address. Additionally, our EM simulations also take into account the complex inter-relationships between the nature and the number of the electron emitting surfaces (which may be enhanced due to roughness). Finite element EM simulations, e.g., the RF module of COMSOL V R Multiphysics coupled with in-house developed MATLAB V R code, were used for the PE calculations. The involved surface structure necessitated a nonuniform mesh, and it was ensured that (1) the mesh size was smaller than $0.1k to accurately resolve the EM fields, and (2) the mesh density for the EM simulations was at least as dense as that used for the PE. It was found that a maximum mesh size in the vicinity of 0.5 nm was sufficient to result in QE sensitivity, with planar surfaces for calibration, of less than 10%. Equations (1)- (5) were also modified. For example, with Eq.
(1), the macroscale absorbance A(k) was replaced by the absorbed power per unit mesh element volume, normalized to the input power, P in . It was assumed that the incident laser has a negligible influence on the surface work function values. Consequently, the probability of an electron reaching the surface without scattering, Eq. (3b), was modified to
Àr h e ;w ð Þ1=l eÀe ½ dr:
The electron scattering angle within the element is written as h e and may be distinct from the h in Eq. (4a). Such modifications enable the estimation of electron emission from multiple surfaces. A summation over h e and w was used for Pol h and Pol w . The modified quantum efficiency (¼ QE mod ), summed over all the elements (with positions given by x, y, and z) over the range of h and w, cf. Eq. (6), would be QE mod ¼ X x;y;z;h e ;w ½dAðkÞgF mod eÀe ðkÞPol h e Pol w :
It may also be necessary to include the temporal 16 and temperature effects; 17, 18 such investigations represent ongoing work. From Table I , it is seen that Cu exhibits approximately a factor of 12 higher QE compared to Al, most of which seems to arise from the A(k). It would then be instructive to probe the extent to which the A(k) for Al would be a function of the surface texture. 
III. RESULTS AND DISCUSSION
We indicate the influence of the grating width (w) on the A(k) in Fig. 2(a) . It was observed that the A(k) enhancement, with respect to the peak locations, was correlated with the h/w ratio. The rationale for such resonance based enhancement 3 was that in the electrostatic limit, where the e tends to À1, the effective k-vector parallel to the air-metal interface (k jj ) tends to a very large value-as may be deduced from the well-known relation 19 
Additionally, a deeper groove (i.e., a larger h) seems to indicate a greater absorption. At such small length scales, the relatively large ratio of the overlapping electromagnetic skin depth (say, on either side of the vertical grating walls) to the surface plasmon depth ensures electrostatic conditions at the surface, supporting lower wave-vectors and enhanced absorption.
The QE relative to the QE from planar/flat surfaces is much larger than unity, and has a similar variation with w: Fig. 2(b) , implying that the absorption enhancement maybe the dominant contributor. A linear dependence of the QE enhancement on absorption is indicated in Fig. 2(c) and compares the results obtained through the use of analytical models for the QE: (a) from Eq. (6), i.e., the Dowell model (DM), (b) from Eq. (6), modified with l mod and considered as the Le Perchec model (P), 3 and (c) the QE, estimated through computational EM simulations (sim). It was also noted that the QE increase for the Al was $25, which is much less than the predicted 2 orders of magnitude increase. This may partly be due to the nonoptimized geometry, e.g., note that the A(k) does not reach unity in Fig. 2(a) . Additionally, the factors contributing to QE may not be independently optimized. For instance, the increase in Pol h Pol w necessitates that the absorption would need to occur at the top center of the grating ridges while an increase in the F e-e (k) would require that the absorption be on the sides of the ridges. The inadequacy of the analytical models is also quite clear from such plots. Consequently, more advanced models to predict QE would need to incorporate interaction and multiple electron emission effects.
The simulated influence of the grating width (w) for Cu is shown in Fig. 3(a) . As seen for the Al case, the peaks could correspond to the electrostatic resonances, and a definite h/w ratio. The concomitant dependence of the relative increase in the QE with w and the absorption is shown in Figs. 3(b) and  3(c) . Again, the QE enhancement for the Cu was $3, which is much less than the predicted increase of an order of magnitude. A higher attenuation in Cu compared to Al (due to the relative magnitudes of the real and imaginary parts of the respective e components) implies a smaller (1) surface charge density contribution at the corners 20 and (2) influence of the ridged surfaces in Cu.
IV. CONCLUSIONS
In summary, it has been suggested that the QE of metal surfaces, which is dominated by A(k), could be substantially enhanced using nanoscale grooves. Further investigations would need to focus on understanding the correspondence of the resonance wavelengths within the ridged surfaces to those of the propagating surface plasmons. It would also be pertinent to investigate small structures with a large number of electron emitting surfaces, such as spherical nanoparticles, for further enhancing QE.
